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Factors for Converting International System (SI) Units

Divide SI units

millimetres (mm)

metres (m)

metres (m)

kilometres (km)

square kilometres (ka)
litres (1)

litres per second (1/s)

kilograms (kg)

cubic metres per second

(m3/s)

cubic metres per day per
square metre [ (m3/d)/m2]

to English Units

By
25.4

.0254

.3048
1.609
2.590
3.785

.06309

.4536

.02832

.3048

To obtain English units

inches (in)

inches (in)

feet (ft)

miles (mi)

square miles (miz)
gallons (gal)

gallons per minute
(gal/min)

pounds (1bs)

cubic feet per second
(£t3/s)

cubic feet per day per
square foot [(£ft3/d)/
ft2]
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Water~level fluctuations in bedrock aquifers were monitored at two sites
(table 5). Water-level fluctuations in the unconsolidated material above
the bedrock were measured at six sites. Grouped wells, one relatively shallow
and one or more deep, were measured at five of the six sites to determine
potential for vertical movement of water in the glacial drift.

Water Budget for Lake Wingra Basin

A water budget was prepared for the Lake Wingra basin to quantify water
movement (table 6). This budget also serves as a framework for the more
detailed budget of the lake itself. Measured quantities in the budget are
precipitation, surface runoff to and from Lake Wingra, and ground-water
discharge to Lake Wingra in visible springs and seeps. All other quantities
are estimated.

The following discussion is based chiefly on records for the 1972
calendar year. This was the first full year that hydrologic instrumentation
was virtually complete.

Precipitation and Evapotranspiration

In 1972 precipitation on the Lake Wingra basin was about 760 mm
(29.9 in), which is about the average annual precipitation for the Madlson
area. This is equivalent to an average rate of about 0.38 m /s (13.4 ft /s).

Evaporation from Lake Wingra computed by D. D. Huff (written commun.,
1973) was 650 mm (25.6 in), equivalent to a loss of 60 mm (2.4 in) distributed
evenly over the entire basin. The evaporation loss was at an average rate
of 0.03 m3/s (1.1 ft3/s).

Evapotranspiration from the land area of the basin was about 470 mm
(18.5 in), equivalent to a loss of 430 mm (16.9 in) distributed evenly over
the entlre basin._  The evapotranspiration loss was at an average rate of
0.21m /s (7.4 ft /s) Evapotranspiration was estimated to be the residual
water loss from the basin after measurement and computation of all other
losses.

The combined evapotranspiration losses from the 1ake and from the land
area equal 490 mm (19.3 in), or a loss rate of 0.24 m3/s (8.5 ft3/s).

Ground Water

Recharge to shallow aquifers in the Lake Wingra basin occurs chiefly in
the upland areas west and southwest of the lake. Ground water moves generally
east and northeast toward the lake. Movement of ground water in the Lake
Wingra area is complex because of the response of the sandstone aquifer to
large withdrawals of water for municipal and industrial uses. R. S. McLeod
(1975) assumed two major aquifers, each having a discrete potentiometric
surface in the Madison area. The lower aquifer, termed the "sandstone
aquifer", includes the Ironton Sandstone Member of the Franconia Sandstone
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Table 6.--Water budget for the Lake Wingra basin, 1972.

Annual amount Average rate
for basin area of flow
(mm) (@ /s)
Gain:
Precipitation on land area 690 0.35
Precipitation on lake area 70 .03
Ground-water inflow from
outside basin 20 .01
Total gain 780 .39
Loss:
Evapotranspiration from
land area 430 .21
Evaporation from lake area 60 .03
Surface discharge from basin
(at lake outlet) 210 .11
Ground-water outflow from
basin 80 .04
Total loss 780 .39

and all underlying Cambrian sandstones (table 1). The upper aquifer includes
the glacial drift and all bedrock formations overlying the Ironton Sandstone
Member. Most high-capacity municipal and industrial wells withdraw water
from the sandstone aquifer. Most domestic wells obtain water from the upper
aquifer. Water levels used to define the ground-water basin discharging to
Lake Wingra (fig. 5) were from wells in the upper aquifer.

Movement of water in the sandstone aquifer is strongly influenced by
withdrawal of water from municipal and industrial wells. Movement of water
in the upper aquifer also is influenced by this withdrawal, but the influence
is less because the low permeability of the stratum at the base of the
St. Lawrence Member of the Trempealeau Formation (table 1) inhibits vertical
movement of water. Five of the springs discharging into Lake Wingra emerge
from the St. Lawrence M:zmber near its base. The low permeability of this
member lessens but does not eliminate the influence of withdrawals of water
from municipal wells on the springs. Discharge of springs Dn-=9 and 10 sp
declined from about 12 1/s (190 gal/min) to 9 1/s (143 gal/min) after a
nearby city well (Dn-46) (pl. 1) was pumped for 2 days at a rate of about
60 1/s (951 gal/min). Discharge of spring Dn-6 sp, about one-quarter mile
farther from the »sumping well, was not noticeably affected.

16



Annual recharge to the upper aquifer in the Lake Wingra basin, including
about 20 mm (0.8 in) of ground-water inflow from outside the basin, is
estimated to average.,about 200 mm (8.0 in). This is equivalent to an average
rate of about 0.10 m /s (3.5 ft”/s). 1In 1972 recharge was estimated to be
240 mm (9.4 in), and about 110 mm or 4.3 in (0.05 m3/s or 1.8 ft3/s) of this
was dlscharged to Lake Wingra as visible springs and seeps; 30 mm or 1.2 in
(0.014 m 3/s or 0.5 ft3/s) reached the sandstone aquifer. (It is estimated
that about half the recharge from the upper aquifer to the sandstone aquifer
comes from the thick glacial deposits in the burled bedrock valley beneath
Lake Wingra.) About 20 mm or 0.8 in (0.0l m3/s or 0.4 ft3/s) is estimated
to be lost from the upper aquifer by evapotranspiration (p. 16) from the
marshland near the southwest end of the lake.

Surface Water

Surface runoff in the Lake Wingra basin is chiefly in storm sewers and
intermittent streams. The only perennial streams in the basin other than the
‘lake outlet are those leading from springs to the lake. In this report,
storm sewer names are those used by W. E. Noland (1951).

In 1972 discharge of the storm sewers and intermittent streams to Lake
Wingra was about 100 mm or 3.9 in (0.048 m 3/s or 1,7 ft°/s). D1scharge at
the lake outlet was about 210 mm or 8.3 in (0.11 m”/s or 3.9 £t3 /s). The
greater discharge at the lake outlet (110 mm or 4.3 in greater) represents
the balance between additions to the lake from ground water (including spring
discharge) and by precipitation on the lake surface, and losses from the lake
by ground-water outflow and by evaporation from the lake surface. Differences
in the balance of water entering and leaving the lake are reflected in changes
in water stored in the lake. 1In 1972 the lake level was the same at the end
of the year as in the beginning, so there was no net change in storage that
year.

Effects of Ground-Water Withdrawal on Surface Water

Before the development of municipal~supply wells in Madison, Lake Wingra
undoubtedly received ground-water discharge from both the upper and the sand-
stone aquifers. Withdrawal of water from municipal and industrial wells
eliminated discharge to the lake from the sandstone aquifer and induced
recharge from the upper aquifer to the sandstone aquifer, thereby reducing
the discharge from the upper aquifer to the lake. Withdrawals of water
1ncreased from less than 4,000 m3/d (140,000 ft3/d) in 1882 to about
120,000 m3/d (4,200,000 fté/d) in 1970 (R. S. McLeod, 1975). This 30-fold
increase in water withdrawals from the lower sandstone aquifer resulted in
flow changes between the upper and the sandstone aquifers. R. S, McLeod
(1975) computed these flow changes by means of a digital model of the aquifer
system in the Madison area. The change in flow rates in the Lake Wingra area
by 1970 resulted in increased recharge from the upper aquifer to the sand-
stone aquifer ranging from about 15 mm (0.6 in) of water in the western part
of the basin to about 460 mm (18 in) in the eastern part that year. The
average annual increase of recharge from the upper to the sandstone aquifer
in the Lake Wingra basin is estimated to be 80 mm (3 in).
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The decreased ground-water discharge to the lake caused by pumping from
the sandstone aquifer results in a lower rate of flow through the lake (Cline,
1965, p. 61), so the time required to flush the lake is greater. The volume
of water moving into and out of Lake Wingra annually is about twice the total
volume of the lake. Before the large withdrawals of water from the sandstone
aquifer, the volume of water moving through the lake in 1 year must have been
even greater.

Water Quality

The quality of water in Lake Wingra depends on the quality of water in
the several sources entering the lake and on chemical changes taking place
in the lake. Water discharged at the lake outlet is generally representative
of the quality of the lake, except during periods of rapid runoff, when
mixing may be incomplete.

Surface Runoff

The water entering Lake Wingra through storm drains and Marshland Creek
probably is of the calcium magnesium bicarbonate type except during periods
of snowmelt, when road salt adds large quantities of sodium and chloride to
the runoff (table 7). Specific conductance, an indicator of the concentration
of dissolved solids, was measured periodically. It ranged from 180 to
850 micromhos in 10 samples of water from Marshland Creek, and from 80 to
5,000 micromhos in 8 samples from 2 storm sewers (table 8). The variation
in quality of the surface runoff is due, in part, to variations in discharge,
but the extremely high values occur at times of snowmelt and are attributed
to road salt.

Ground Water

The water discharged by springs to Lake Wingra is of the calcium bicar-
bonate type and is much more uniform in quality than the surface runoff.
Chemical analyses of representative samples of water from the springs are
listed in table 9. Kluesener (1972, p. 196-202) lists analyses of samples
from four of the springs collected about twice monthly from January 1970
through April 1971. Specific conductance and calcium concentration of these
samples are summarized below:

Specific conductance Calcium (Ca++)
(micromhos) (milligrams per litre)
Spring
number Max Min Mean Max Min Mean
Dn=- 5 sp 620 540 580 84 61 77
Dn- 6 sp 760 645 690 95 71 88
Dn- 9 sp 920 640 735 103 80 90
Dn-12 sp 640 540 580 87 53 79
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Table 7.--Chemical analyses of samples of water from storm sewers and creeks.

[Analyses in milligrams per litre except specific

conductance and pH, in standard units.]

" @
o Q -~ —
Dy g o I “ O W o O
T O o O U u 0 E oo o 3
= B o = [VS) X~ o9 g H 0
o % o Mg U O v o O
o I ] w v v o o ] ©
5] © w o 0y o o “
S E g g > o ) 0 g c &0
hr o 9 o E U u B g © o
£ o V) 249 A TR ) 5 0 — -
o W S & 2 0 [SENTER"] Mm o < =
s w Z 0 o L - ® w
—~ ® [=ra] = - ]
L
—
Date collected
(1973) 8-23 8-23 8 -23 8-23 8-23 4 <18 4-18
Calcium (Ca) 11 9.4 8.5 7.4 8.6 65 54
Magnesium (Mg) 3.7 3.4 2.6 2.2 3.1 6.8 25
Sodium (Na) 7.8 7.3 5.4 2.6 6.0 95 38
Potassium (K) 3.1 2.7 2.4 3.5 4.5 3.1 2.8
Bicarbonate
(HCO3) 46 40 35 28 38 136 170
Carbonate
0 0 0 0 0 0 0
(CO3)
Sulfate (S04) 11 9.0 10 9.2 11 15 71
Chloride (Cl) 9.2 6.8 3. 2.0 5. 190 76
Fluoride (F) .1 .1 .1 .5 .2
Nitrate (NO3) 2.7 4.4 3.4 3.4 3.1 2 2.6
Dissolved
solids 77 70 52 46 71 463 327
Hard- CaCOg 42 38 32 28 34 190 239
ness Noncar-
bonate 5 4 4 4 4 78 929
Specific 131 115 96 79 111 820 574
conductance
pH 6.7 6.8 6.6 6.5 6.5 7.5 7.5
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Table 8.--Discharge and specific conductance of water
from Marshland Creek and storm sewers.

bisch Specific
Date collected t5§/3§ge conductance
m=/s (micromhos)
Marshland Creek
Mar. 14, 1971 0.053 850
Mar. 16, 1971 .018 420
Mar. 29, 1971 .027 620
Mar. 30, 1971 .014 495
Mar. 31, 1971 .016 400
Apr. 12, 1971 .234 450
Apr. 13, 1971 .087 350
June 2, 1971 .004 650
Nov. 2, 1971 .069 180
Apr. 18, 1973  eeea- 820
Nakoma Road Storm Sewer
Mar. 7, 1972 .183 5,000
Mar. 11, 1972 . 509 800
Mar. 1, 1973 .430 480
Aug. 23, 1973 === 115
Glenway Street Storm Sewer
Mar, 7, 1972 .067 3,300
Mar., 11, 1972 .150 1,000
Apr. 21, 1972 342 80
Aug, 23, 1973 = e===- 96

Springs Dn-9 sp and Dn-6 sp discharge water with a relatively high
chloride concentration at times. The chloride probably is derived from
infiltration of water containing road salt.

Water discharged to the southwest end of the lake by upward percolation
probably is similar to that discharged by the flowing well at the Nakoma
Golf Course (Dn-1005). This is a calcium magnesium bicarbonate water similar
to that discharged by the springs (table 9),
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Table 9.--Chemical analyses of samples of water from springs and a well,

[Analyses in milligrams per litre except specific
conductance and pH, in standard units.]

"0 "0 ) "0 N
" o No RN o] [ =] [S\ I =] [@ TN
1 -~ LI ] | ] r— e O
ooy = ¥ oo 1 Y —
A a A o o o 2 a )
%) o ) (=37 o 2
~ ~ ~— ~— A~
Date collected
(1973) 44 4=4 4-18 4-18 4=t
Calcium (Ca) 77 97 130 90 86
Magnesium (Mg) 35 40 64 41 38
Sodium (Na) 4.7 30 41 5.0 5.0
Potassium (K) 1.1 1.5 3.5 .8 1.7
Bicarbonate (HCO3) 350 386 442 388 384
Carbonate (CO3) 0 0 0 0 0
Sulfate (S04) 26 38 81 45 35
Chloride (Cl) 9.3 69 140 14 12
Fluoride (F) .1 .1 .2 oy .1
Nitrate (NOj3) 13 14 16 3.8 8.3
Dissolved solids , 341 506 780 413 376
Hardness CaCo03 340 408 590 390 370
Noncarbonate 49 92 220 74 57
Specific conductance 594 853 1,200 665 652
pH 7.8 7.3 7.4 7.6 7.5
Lake Water

Water in Lake Wingra, also of the calcium magnesium bicarbonate type, is
lower in dissolved solids (as indicated by specific conductance) than the
ground water entering the lake (tables 7 and 9). Kluesener (1972, p. 187-188)
lists analyses of 31 samples of water collected from the central part of the
lake at a depth of 1 m (3.3 ft). The samples were collected about twice a
month from January 1970 through April 1971. Specific conductance of 30 of
these samples ranged from 340 to 550 micromhos and averaged 430 micromhos;
calcium (Catt) concentration of 23 of the samples ranged from 21 to 47 mg/l
(milligrams per litre) and averaged 34 mg/l. A chemical analysis of a sample
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of water from the Lake Wingra outlet (Murphy Creek) listed in table 7 has
a relatively high sodium chloride concentration, probably attributable to
runoff affected by road salt.

WATER BUDGET FOR LAKE WINGRA

A preceding section on the hydrology of the Lake Wingra basin applied
to the basin as a whole: the following discussion is concerned with the water
budget of one part of the basin--the lake itself. A quantity of water within
the basin may be expressed as a water depth on either the entire basin or as
a water depth on only the lake. TFor example, surface-water discharge at the
lake outlet in 1972 is equivalent to about 2,380 mm (93.5 in) on the lake
surface (table 10) or 210 mm (8.3 in) on the entire basin (table 6).

Water enters Lake Wingra as precipitation on the lake surface, surface
runoff, and ground-water inflow; water leaves the lake as water vapor, surface
runoff at the lake outlet, and ground-water outflow. The altitude of the
lake surface rises and falls with variations in the amount of inflow and
outflow. A monthly summary of measured and estimated increments of inflow
and outflow from January 1972 through May 1973 is included in table 10. All
quantities in the table and in the following discussion are expressed as
millimetres on the lake surface.

This study did not include changes in soil moisture and does not include
these changes in the water budget.

Precipitation

Precipitation was computed as the average of at least five of the seven
rain gages in the Lake Wingra area (numerous difficulties prevented the daily
use of all seven). Winter snows on the lake displaces its own weight because
of the elasticity of the ice. Consequently, lake levels recorded at the lake
gage respond to increments of precipitation in winter as well as in summer.
Some discrepancies in the effects of winter precipitation may occur because
of snow blowing onto or off the lake. Precipitation in the calendar year
1972 totaled 763 mm (30.1 in) on the lake surface. In the year ending
May 31, 1973, precipitation was 1,142 mm (44.96 in). 1In the 17-month period
ending May 31, 1973, precipitation totaled 1,326 mm (52.20 in).

Surface Runoff

About three-fourths of the 14.3-km2 (S.S-miz) land area draining into
Lake Wingra is urban (streets and roads, parking lots, houses, lawns, golf
courses, cemeteries, and parks); the remaining 3.9 kmé (1.5 mi2) is part of
the University of Wisconsin Arboretum. Runoff from the urban area is flashy,
rising to a peak during or shortly after heavy rains or snowmelt and declining
to nothing during rainless periods. Surface runoff from the arboretum area
is relatively small. Surface runoff in five storm sewers and in Marshland
Creek was measured continuously at six gaging stations (table 3). These
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gaging stations measure runoff from 10.85 km2 (4.19 mi2). On the basis of
topography and relative amounts of paved and unpaved areas, surface runoff
from the ungaged 3.44 kmZ2 (1.33 mi ) was estimated to be about 0.3 of the
discharge of the Nakoma Road sewer. Measured and estimated surface runoff
in calendar year 1972 was equivalent to 1,112 mm (43.8 in) on the lake
surface. In the year ending May 31, 1973, surface runoff was equivalent

to 1,663 mm (65.5 in). 1In the 1l7-month period ending May 31, 1973, surface
runoff was equivalent to 2,262 mm (89.1 in).

Surface runoff is the most variable component of inflow to Lake Wingra.
The maximum monthly runoff, 362 mm (14.3 in) for the period January 1, 1972,
through May 31, 1973, was more than 100 times the minimum monthly runoff of
3 mm (0.13 in).

Ground-Water Inflow

Ground water enters Lake Wingra by discharge of springs and by seepage
through the sediments near the lake margin. Ground-water discharge has been
measured at eight springs (table 4 and pl. 1). It has been measured at least
monthly at three springs--Dn-5, 8, and 6 sp. Occasional measurements of
discharge have been made at four other springs=--Dn-12, 13, 10, and 9 sp.

A few measurements also have been made of ground-water discharge in lower
Marshland Creek and Nakoma Creek, a small stream draining spring Dn-8 sp and
Nakoma Golf Course. Another spring near spring Dn-6 sp has not been measured,
but discharge is estimated to be one-tenth that of spring Dn-6 sp.

Measured and estimated ground-water discharges to springs and streams
are summarized in table 10. 1In 1972 measured and estimated ground-water
discharge to these springs and streams was equivalent to 1,315 mm (51.76 in)
on the lake surface. 1In the year ending May 31, 1973, ground-water discharge
was 1,313 mm (51.70 in). 1In the 17 months ending May 31, 1973, discharge
~1as 1,904 mm (74.98 in).

Ground~-water discharge is much less variable than surface runoff. The
maximum monthly ground-water discharge for the period January 1, 1972, through
“fay 31, 1973, (140 mm or 5.5 in) was only 1.6 times that of the minimum
monthly discharge (860 mm or 2.6 in).

In addition to the visible discharge of springs and seeps, an inflow of
eround water occurs by upward percolation to the marsh southwest of the lake
and probably through bottom sediments in the southwestern part of the lake
itself. Differences in water levels averaging about 2.6 m (8.5 ft) in
adjacent wells (both in the upper aquifer) at the Nakoma Golf Course indicate
a potential for upward movement of ground water. The deeper well (Dn-1005),
screened about 14 m (45.9 ft) below lake level, has water levels averaging
about 3.4 m (11 ft) above lake level. The shallower well (Dn-1004), screened
about 3 m (9.8 ft) below lake level, has water levels averaging about 0.8 m
(2.5 ft) above lake level.
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Table 10.--Monthly inflow and outflow and lake-stage changes for
January 1972

A1l figures in

Inflow
Precipitation izzzzzel/ Springsg/ Inflow
1972
January 7 3 116 126
February 7 44 104 155
March 43 362 123 528
April 57 122 131 310
May 70 68 117 255
June 26 5 92 123
July 87 30 86 203
August 194 194 108 496
September 113 141 125 379
October 82 75 107 264
November 26 15 102 143
December 51 53 104 208
1973

January 39 133 109 280
February 41 156 95 292
March 129 334 116 580
April 194 264 129 588
May 160 263 140 563
1/

=" About 75 percent of the drainage area was measured;
25 percent was estimated.

g/Measured and estimated.

2/Computed from EVAP program of Lake Wingra study office.
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Lake Wingra (exclusive of ground-water flow through lake bottom),

through May 1973.

millimetres on lake surface]

Out flow Lake-stage changes
Actual Difference,
Evapor- Discharge at Computed change computed

ation 3 lake outlet Outflow in lake stage change at minus
gage actual

9 155 164 -38 -21 -17
12 96 108 47 -15 62
36 436 472 56 46 10
54 362 416 -106 -6 -100
108 267 375 -120 -76 =44
129 28 157 -34 -61 27
112 28 140 63 3 60
90 272 362 134 149 -15
52 280 332 47 -18 65
33 205 238 26 =25 51
11 145 156 =13 -37 24
4 104 108 100 61 39
11 316 328 -48 -18 -30
14 304 318 -25 -12 -13
37 644 680 -101 6 -107
53 568 621 =34 61 -95
76 590 666 -102 -12 =90
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The quantity of water moving to and from the lake depends on the
hydraulic conductivity of the sediments under the lake, the hydraulic
gradient between deeper and shallower sediments, and the area over which
these differences apply.

The hydraulic conductivity of the sediments underlying the lake is
estimated to be 0.02 m/d (0.07 ft/d). This estimate is based on laboratory
determinations of five samples of lake-bed materials. Although only about
1 m (3.3 ft) of bottom sediments was sampled at each site, and the samples
were considerably compressed in coring, the reported hydraulic conductiv-
ities appear reasonable for the materials underlying the lake. The hydraulic
gradient between the deeper and shallower sediments at the southwest end
of the lake is about 0.24., The estimated upward percolation in this area
is 0.02 (hydraulic conductivity) x 0.24 (hydraulic gradient) =
0.0048 (m3/d)/m? r0.016 (£ft3/d)/ft2].

Water levels in observation wells suggest that upward percolation to
the lake and marsh may occur in an area of 0.26 km2 (0.10 mi2). Accordingly,
other than springs and seeps listed in table 2, ground-water inflow to the
lake is estimated to be 0.0001 m/d (0.0003 ft/d) or 0.36 m/yr (1.2 ft/yr)
over the entire lake surface. The rate of ground-water inflow no doubt varies
as water levels fluctuate in response to recharge and pumping city wells,
but available data are insufficient to determine the magnitude of these
variations. Because the data supporting the above estimates are so meager
and monthly variations are unknown, this increment of ground-water inflow
is not included in the monthly water budget presented in table 10, but it is
included in the annual budget presented under "Water Budget--Summary'.

Evaporation

Evaporation from the lake and lagoons was estimated by D. D, Huff
(written commun., 1973) from a computer program utilizing precipitation, air
temperature, dew-point temperature, wind velocity, and solar radiation.
Evaporation is greatest in midsummer and least in midwinter. Evaporation
is the only item in the water budget that is not directly related to the
amount of precipitation. During dry years evaporation from Lake Wingra may
be nearly as great as precipitation; in wet years precipitation may be
80 percent greater than evaporation. Evaporation in calendar year 1972
was estimated to total 650 mm (25.6 in). In the year ending May 31, 1973,
evaporation was 622 mm (24.5 in). 1In the 17 months ending May 31, 1973,
evaporation was 841 mm (33.1 in).

Not included in these estimates is evaporation and transpiration from
the marsh area (0.41 km? or 0.16 miz) at the southwest end of the lake. On
an annual basis evapotranspiration may be offset by precipitation on this
area, but evapotranspiration may greatly exceed precipitation during the
summer,

A reverse process to evaporation, condensation of water vapor ou the lake
surface, also may occur when the lake is colder than the air. No estimate has
been made of the amount of this condensation, but it would be expected to be

26





















